Takahiro
MIYAUCHI* This article aims to clarify Quaternary tectonic movements of the Kamikita Coastal Plain located in the non-volcanic outer arc of the Northeast Japan, based on geomorphological and tephrochrono logical methods.
The results obtained are as follows: The Miurayama fault and the Tatsunokuchi flexure along the west margin of the plain differen tiated the plain from the Ou Backbone Range and the Sannohe Hills in the early stage of Quaternary.
The movement of the Tatsunokuchi flexure has been continuously active during Quaternary.
This tectonic line seems to divide the area in and around the plain into two blocks, the Kamikita and Ou-Sannohe ones. E-W trending folding occurs in the northern part of the plain. Northward tilting occurring in the southern part of the plain probably reflects the upwarping of the Kitakami Mountains.
Nearly N-S trending active tectonic structures suggest a crustal shortening by the E-W horizontal maximum compressional stress which was prominent in the Northeast Japan arc during Quaternary.
It is, however, difficult to explain the E-W trend ing crustal movement under the same stress field.
The whole area of the plain has successively uplifted at least in the late stage of Quaternary. Considering that the terrace deformation is related to folding and tilting, a regional uplift with a rate of 0.1-0.2mm/yr during the past 120ka occurs in the Kamikita Block. On the Ou-Sannohe Block, a regional uplift rate is estimated to be 0.3-0.4mm/yr from the activity of the Tatsunokuchi fl exure. Such regional uplift probably results from either the crustal deformation associated with great earthquakes which occurred in the zone from the Japan Trench off the plain or a long-wave crustal movement of the Northeast Japan arc. 
I. Introduction
The arc-trench systems are the most active tectonic zones on the earth. Geomorphic fea tures of a typical arc-trench system are general ly recognized as three morphotectonic units: a volcanic inner arc, a non-volcanic outer arc and a trench. These three units are distinc tive in geomorphology, geology and tectonics of the Northeast Japan arc.
The main geomorphic features of the North east Japan arc are characterized by a zonal arrangement of mountains and intermontane basins or lowlands; while the size of the geomor phic unit is smaller and the relief is greater in the inner arc than the outer one (Fig. 1) . These features suggest the difference of the relative intensity of tectonic movements between the two arcs, and they might refkect a dynamic difference of the lithosphere of the two arcs. As the inner arc has the higher heat and the thicker unconsolidated Neogene strata, it can be more easily deformed compared to the outer arc (KAIZUKA, 1972) . Former shorelines on marine terraces provide the most important data for estimating the mode, amount and rate of vertical tectonic movements, and fluvial terrace deformation also indicates the apparent mode and relative amount of displacement by tectonic movements.
Recent geomorphological studies on marine terraces on the Japan Sea side of the inner arc clarified that a cumulative warping with a wave length of 20-30km is prominent in the mode of long-term tectonic movements during the late Quaternary (OTA,1975) . NAKATA et al., (1976) showed that the uplift and warping ac companied by tilting in the Nishi-tsugaru coast area (Fig. 1) is the result of an accumulation of acute crustal deformations associated with earthquakes that occurred in this area. IMAIZUMI (1977) described a northeastward tilting and a regional uplift of the Oga Peninsula (Fig. 1) . He thought that the former is associated with earthquakes that occurred around the penin sula, and the latter to be a result of a long wave crustal movement. MIYAUCHI and MAGI (1984) showed that a short-wave warping on late Quaternary shorelines on the east coast of the Matsumae Peninsula (Fig. 1) suggests the (1975) , FUKAO & FURUMOTO (1974) and TAKAGI (1985) .
growth of fold in Neogene strata. Such active folding is also known from the deformation of the fluvial terrace along the Oguni River ( Fig. 1, SUGIMURA, 1952) . On the Pacific coast of the outer arc where pre-Neogene consolidated rocks mostly extend, the deformation pattern of late Quaternary shorelines shows a general undulatory move ment with a wave length of more than 100km (OTA, 1975) . However, the relation between such a movement and Neogene structures or recent seismicity is uncertain as compared with the inner arc.
In the Kamikita Coastal Plain belonging to the outer arc of Northeast Japan ( Fig. 1) , middle-late Quaternary marine and fluvial terraces are fairly well developed and Neogene -Quaternary strata thickly and widely overlie pre-Neogene consolidated rocks. The pro perties of Quaternary tectonic movements can be estimated not only from the terrace de -ormation, but also the tectonic history and tendency since the end of Tertiary from the structures of Neogene-Quaternary strata. The purposes of this study are 1) to establish Quaternary stratigraphy and terrace chrono logy of the Kamikita Coastal Plain by geo morphological and tephrochronogical methods, and 2) to discuss Quaternary tectonic move ments on the basis of the deformation of former shorelines and fluvial terraces in relation to the Neogene geologic structures.
II.
Geomorphic and geologic settings in and around the study area
The Kamikita Coastal Plain is located in the central part of the outer arc of Northeast Japan and faces the Pacific Ocean (Fig. 1) . It is situated to the north of the Kitakami Mountains and east of the Sannohe Hills which are at the foot of the On Backbone Range (Fig. 2) . The plain extends about 50 km from north to south, reaching a width of 30km, and is one of the widest and flattest plains in Japan. Marine and fluvial terraces with several different levels and Holocene low lands are well developed where altitudes are less than 200m above sea level. The flatness of the upland is generally preserved in the plain although it is lost by the fluvial dissec tion in the southern part of the plain (Fig. 2) , The summit level of the Sannohe Hills, rang ing from 200 to 400m in altitude, is correlated with the highest part of the Kunohe terrace named by NAKAGAWA (1961) . An erosional surface located at a higher position than the Kunohe terrace fringes the Kitakami Moun tains at 400 to 600m in altitude. OTUKA (1934) named it the Ninohe surface.
The Kamikita Coastal Plain and the Sannohe Hills have fromed geologically, a sedimentary basin since the end of Tertiary (OTUKA, 1934 (OTUKA, , 1939 CHINZEI, 1966; KITAMURA et al., 1972) . Neogene-Quaternary marine strata and vol canic rocks thickly underlie the plain and hills and unconf ormably overlie Palezoic-Mesozoic rocks constituting the Kitakani Mountains with low relief (Fig. 3) . Along the west of the plain, Neogene strata are faulted and folded in a nearly N-S direction although they are not intensively deformed in the plain.
Quaternary volcanoes, Towada caldera and Hakkoda volcano, are situated on the Ou Backbone Range composed mainly of Neogene volcanic and sedimentary rocks, and constitute Coastal Plain 1. fault; 2. flexure; 3. anticlinal axis; 4. synclinal axis; 5. strike and dip; 6. lines of cross sections in Fig. 7 the volcanic front of the Northeast Japan arc (Fig. 1) .
Off the east coast of the plain, the con tinental shelf reaches a width of 40km, and the shelf edge is 140m deep. It disappears abruptly northward, and a steep scarp runs in the N-S direction at a depth of more than 100m (Fig. 2) .
III.
Tephrochronology of terraces
1. Stratigraphy and age of mid-late Quaternary tephra The Quaternary tephra widely cover the plain. They are mainly supplied from the Towada and Hakkoda volcanoes, 30-40km west of the plain. Most tephra layers are useful as keys for correlation and terrace chronology because they cover the whole area of the plain (Fig. 4) . OIKE and NAKAGAWA (1979) almost completely established the tephrostratigraphy and distribution of marker tephra. In this study, tephra names by DIKE and NAKAGAWA (1979) are used. Synthesized tephrostratigraphy in the plain is shown in Figure 5 -B. Periglacial involutions are found on the horizon between the BP2 and KbP. ARAI et at., (1986) summarized the petrographic properties of tephra in this region.
Two beds of marker-tephra were newly dis covered in the plain. One was a 1-2cm-thick ash layer found just above the Aosuj i pumice (AP). This layer was identified, by petro graphic and chemical characterizations, as the Aso-4 ash (Aso-4) derived from Aso caldera in Kyushu, southern Japan. The other was a 20 cm-thick pumice layer with abundant biotite at the lowest horizon, which was designated as the Biotite pumice (BoP) here. The Aso-4 is useful for terrace chronology and the BoP is for terrace subdivision as will be described later in detail.
The White tuff (WT) is recognized as a 10-15 cm-thick, whitish fine vitric ash layer rich in fi ne-grained pumiceous glass shards. MACHIDA et at., (1984) identified it as Toya ash (Toga) on the basis of the petrographic properties and chemical composition of the glass shards; this ash was erupted from the Toya caldera in Hokkaido and extensively covers northern Japan.
Assuming that a thick tephra sequence of the Kamikita Coastal Plain has accumulated at a nearly constant rate over 10,000 years, the ages of tephra can be estimated, by ex trapolation, on the basis of the marker-beds whose ages were already determined : the HP (Hpfl) was formed ca. 13,000 years ago, the Ofudo pyroclastic flow deposits (Opfl) were 
Description of terraces
Terrace surfaces are classified into at least four marine ones and five fluvial ones ( Fig. 6 and Table 1), judging from the tephra covering them (Fig. 5-B) , the terrace deposits and their topographic features such as continuity and degree of dissection. a. Marine terrace surfaces: Four marine terrace surfaces recognized here were named the Higher, Shichihyaku, Tengutai and Takadate surfaces, in descending order. The Takadate surface continuously transfers to a fluvial terrace surface along each major river inland (Fig. 6) . Two other, younger marine terrace surfaces probably exist at the lower position of the Takadate surface on the east side of Lake Ogawara, judging from the topographic features and altitude (Fig. 6 ). They may be correlated with the fluvial Nejo and Shibayama surfaces as mentioned later, by the altitude and tephrostratigraphy, respectively (Fig. 6) Fig. 3 . Location of the section is shown in Fig. 3 . NAKAGAWA (1972) . The overlying tephra ex ceeds 20m in thickness around Gonohe Town and gradually decreases seaward.
The Tengutai surface spreads at an altitude of 50-90m above sea level in the whole plain, tephra above the ZP, the thickness of which is 5-10m in the central part of the plain. Strictly speaking, the surface comes to be covered with the tephra above the brown weathered volcanic ash located at 30cm below the AP on the same surface with an altitude of 20-25m as close marker-tephra disappears in turn seaward (Fig. 5-B) . Such a relation suggests that it took a considerable time for the emergence of a surface with a width of 3-5km. That time is estimated to be about 20,000 years from extrapolation shown in Fig. 5 -A. This emerging process of the Taka date surface is quite similar to that of the Shimosueyoshi surface around Yokohama in South Kanto (TOMA, 1974) . The time re quired for the emergence of the Shimosueyoshi surface was, however, estimated to be no more than several thousand years, much shorter than that for the Takadate surface. b. Fluvial terrace surfaces: Fluvial terrace sur faces developed along the major rivers. They are named the Takadate, Nejo, Shibayama, Shichinohe and Sanbongi surfaces. The Takadate surface overlain by the tephra above the ZP is best developed and marine in origin near each river mouth. The Sanbongi surface is actually subdivided into two or three levels as was done in IWASAKI (1983) . The Nejo surface is overlain by the tephra above the AP, and the Shibayama surface by the tephra above the RP. Each terrace de posit consists of sand and gravel with a thick ness of several meters or less. The Shichi nohe surface comprises the Ofudo pyroclastic fl ow deposits (Opfl) and their reworked mate rials, and the Sanbongi surface consists of the Hachinohe pyroclastic flow deposits (Hpfl) and their reworked materials. The Shichinohe and Sanbongi surfaces were formed under the influence of pyroclastic flows derived from the west. The Sanbongi surface has steep longi tudinal profiles that are hidden under Holocene lowlands at a distance of 10-15km upstream from river mouths (Fig. 10) . c. Terrace chronology: Although there are few data to determine the ages of these terraces directly, the age estimation of tephra overly ing terrace surfaces (Fig. 5-A) suggests that the Shichihyaku surface was formed ca. 220 240ka ago, the Tengutai ca. 170-200ka ago, the Takadate ca. 110-120ka ago, the Nejo ca. 80-100ka ago and the Shibayama ca. 50 -70ka ago (Fig. 5-B) .
Late Pleistocene marine terraces since the last interglacial stage were radiometrically dated in South Kanto (MACHIDA, 1975) , Kikai Island (KONISHI et al., 1974) and Hateruma Island (OMURA, 1983) of Ryukyu, Japan, Barbados Island in the West Indies (BROECKER et al., 1968; JAMES et al., 1971) , Huon Peninsula in Papua New Guinea (BLOOM et al., 1974; CHAPPELL, 1974) , and South Taranaki of New Zealand (PILLANS, 1983) in the circum-Pa cific region. According to their dating, terrace ages are ca. 120-130ka, ca. 100ka, ca. 85ka, ca. 60ka, ca. 40ka and ca. 30ka. Older marine terraces occur at higher elevations in all the areas above-mentioned. The terrace topography, the transgressive facies of terrace deposits and the estimated age indicate that the Takadate surface is safely correlated with the culmination of the last interglacial stage at 120-130ka.1)
The Nejo and Shibayama surfaces are likely correlated with 85ka and 60ka terraces, respectively. Then the Shichi hyaku and Tengutai surfaces were formed, undoubtedly in the middle Pleistocene.
Periglacial involutions in the upper part of the tephra sequence and steep longitudinal profiles of terrace surfaces indicate that the Shichinohe and Sanbongi surfaces were formed at the low sea level stands in the last glacial stage. Their ages were determined to be about 25,000 and 13,000 years B. P., respec tively, by 14C dating (Fig. 5-B) . Further radiometric datings of tephra are necessary for a more accurate terrace chronology in this plain.
IV. Quaternary tectonic movements of the Kamikita Coastal Plain 1. Vertical change of the former shoreline
The former shoreline height was surveyed for the younger three marine terraces by using the American Paulin System Model MM-1 altimeter (unit of reading: 1m). Allowance was made for air-pressure variations by linear drift between points of known height and for total thickness of tephra overlying terrace surface near a measured point. Only the height of the Higher surface was read on topo graphic maps of a scale of 1:125,000, with contour intervals of 10m.
The former shoreline on each marine terrace surface ranges widely in altitude (Fig. 8) : the Higher surface 120-220m, the Shichihyaku 80-137m, the Tengutai 45-81m and the Takadate 24-45m above sea level. A wave -like deformation with maximum uplift in the northwestern and southwestern parts of the plain characterizes the general deformation pattern (Fig. 9) . The smaller deformation pattern shows a gentle fold structure in the northern part where anticlines were designated as a1, a2, and a3, and synclines as s1 and s2 (Figs. 8 and 9 ). The strike and location of anticline a1 nearly correspond to those of the drainage divide (Fig. 2) and an anticline of Neogene strata in this area (Fig. 3) . The structure of the Shichihyaku Formation (Fig.  3 ) and the centripetal drainage pattern (Fig. 2 ) strongly suggest the presence of syncline s1.
As shown in the left half of projected plane X in Fig. 9 , each former shoreline tilts north. The amount of tilting evaluated by a least squares method increases with terrace age. Northward tilting is consistent with the struc ture of the Pliocene Togawa Formation which dips gently north-northeast (Fig. 3) .
Assuming that the rate of tilting has been constant during the formation of terraces, the Higher surface is estimated to have been formed ca. 430-470ka ago, the Shichihyaku ca. 300 -330ka ago and the Tengutai ca. 160-170ka ago by extrapolation from the age of the Takadate surface. Such ages approximate those shown in Figure 5 .
Deformation of fluvial terrace surfaces
The Gonohe, Asamizu and Mabechi Rivers fl ow across the Tatsunokuchi flexure (Fig. 3) .
Longitudinal profiles of fluvial terrace surfaces along each river and the results of repeated precise levelings across the flexure (Fig. 10) shows a relative uplift upstream. The amount of vertical displacement seems to be large for the older surfaces : 15-20m on the Takadate surface, 15m on the Nejo along the Mabechi River and 10-15m on Shibayama. On the other hand, a subtle anticlinal movement de signated as a4 is found at 8km downstream from the flexure. It deforms also the former shoreline of the Higher surface (Figs. 8 and 9 ). The displacement pattern of bench marks between 1898-1954 is concordant with that of terrace surfaces as CHINZEI (1966) described. This suggests a recent activity of the flexure, although the data between 1954-1966, 1966 -1974 and 1974-1981 do not necessarily suggest it. The surveying periods of the last three may be too short to detect the movement of the flexure. Figure 11 summarizes the Quaternary tec tonic features in the Kamikita Coastal Plain . It shows that an E-W trending folding with a wave length of about 15km occurs in the northern part of the plain and the northward tilting with the NNW-SSE trending anti clinal movement (a4) in the southern part of the plain. Such apparent tilting suggests the upwarping of the Kitakami mountains be cause the southern part of the plain is situated on the northern margin of the mountains (MIYAUCHI, 1985) . Since CHINZEI (1966) thought that the Tatsunokuchi flexure is formed as drags associated with the differential block movements of deep-seated basement rocks (CHINZEI, 1966) , the anticlinal movement (a4) parallel to the flexure likely shows a kind of block movement. These nearly N-S trending 
Uplift of the plain
Older marine terraces are situated at a higher position in the plain. Well-dated, major high sea level stages between 120-130 ka and ca. 400ka are known from radiometric dating of marine terraces in uplifting areas of the world, for example in Huon Peninsula, New Guinea (CHAPPELL, 1974) , in South Kanto, Japan (MACHIDA, 1975) , and in Barbados, West Indies (BENDER et al., 1979) . If the older three marine terraces in the plain were formed in different high sea level stages, and if the sea level was nearly the same for these stages, the former shoreline height approximately shows the amount of uplift after the terrace forma tion.
The former shoreline height of the Takadate surface which was formed ca. 120ka ago varies from 45 to 24m above sea level. If these height changes mostly result from the above-mentioned folding and tilting, the minimum height (24m) should be the summa tion of the worldwide eustatic sea level change and the regional uplift peculiar to the plain (Fig. 12) . Adopting about 6m for the sea level ca. 120ka ago (BROECKER et al., 1968; BLOOM et al., 1974 etc.) in uplifting areas, the regional uplift rate of the plain (the Kamikita Block) is estimated to be 0.1-0.2mm/yr dur ing the past 120ka.
The amount of relative vertical displace ment across the Tatsunokuchi flexure is 15-20 m on the fluvial Takadate surface. A relative uplift rate by the flexing is estimated to be ca. 0.2mm/yr.
If the regional uplift of the Kamikita Block is common to the Ou-Sannohe Block, the regional uplift rate of the latter is In the circum-Pacific region, the cumula tive landward tilting and uplift associated with great earthquakes that occurred near the trench are known in the outer arcs of arctrench systems, such as that of Southwest Japan (YONEKURA, 1975) and central Chile (KAIZUKA et at., 1973) . YoSHIKAWA et at., (1980) also estimated these tectonic movements in North Island of New Zealand.
No remarkable deformation and uplift re lated to earthquakes were, however, docu mented in and around the Kamikita Coastal Plain in historical times, although great earth quakes occurred in the zone from the Japan Trench off the plain (Fig. 1) . No landward tilting seems to have occurred recently on the Pacific coast of Northeast Japan. It may be because the seismic deformation areas near the trench have not yet expanded on to the coast (OTA and YOSHIKAWA, 1978) . The cause of uplifting is, however, not explained con clusively.
A possible interpretation for the regional uplift of the Kamikita Coastal Plain is that a slight crustal uplift associated with great earthquakes occurring near the Japan Trench had accumulated during late Quaternary. Another possibility is that great earthquakes with long intervals between recurrences and with marked uplift may have occurred near the plain. A final possibility is that apparent regional uplift may be related to a long-wave crustal movement with a wave length of more than 500km as NAKATA (1976) described.
VI. Conclusion
The study on the Quaternary tectonic move ments of the Kamikita Coastal Plain leads to the following conclusions.
1) The western margin of the plain was differentiated from the Ou Backbone Bange and the Sannohe Hills by activities of the Miurayama fault and the Tatsunokuchi flexure in the early stage of Quaternary. The Miura yama and Tenmabayashi faults have been rather inactive since the formation of the Shichihyaku surface, while the Tatsunokuchi fl exure has been successively active at least since the end of Tertiary.
2) The nearly N-S trending active tectonic structures indicate crustal shortening under the influence of E-W horizontal maximum com pressional stress which has been extensively prominent in Northeast Japan during Quater nary. It is, however, difficult to ascribe the E-W trending crustal movements to the same stress field.
The northward tilting in the south area of the plain likely reflects the up warping of the Kitakami Mountains.
3) The whole area of the plain has con tinuously uplifted since the formation of the Higher surface. Assuming that the height change of the former shorelines is caused by folding and tilting, the regional uplift rate during the past 120ka is 0.1-0.2mm/yr for the Kamikita Coastal Plain (the Kamikita Block) and 0.3-0.4mm/yr for the Ou-Sannohe Block. Such a regional uplift may result from crustal deformation associated with great earthquakes occurring between the Japan Trench and the plain, or the long-wave crustal movement of the Northeast Japan arc. for 1) The marine Takadate surface actually ranges in age from 120-110ka to 100-90ka on the basis of the age estimation shown in Figure 5 . The seaward part on the same surface is therefore possibly cor related with well-dated 100ka terraces around the world. 
